This paper proposes a fuzzy adaptive sliding mode controller in Cartesian space coordinates for trajectory tracking of the 6 DOF parallel manipulator with considering dynamics of electromechanical actuators. The 6-DOF sensors, may be very expensive or impossible to find at the desired accuracies; and also, especially at constant speeds, will contain errors; therefore, it is better to use LVDT position sensors and then, solving the forward kinematics problem using an iterative artificial neural network strategy, Instead of using the Numerical methods such as the Newton-Raphson method, that heavy computational load imposes to the system. This controller consists of a sliding mode control and adaptive learning algorithms to adjust uncertain parameters of system, that relax the requirement of bounding parameter values and not depending upon any parameter initialization conditions, and fuzzy approximators to estimate the plant's unknown nonlinear functions, and robustifying control terms to compensate of approximation errors; so that closedloop stability and finite-time convergence of tracking errors can be guaranteed. Simulation results demonstrate that the proposed control strategy can achieve favorable control performance with regard to uncertainties, nonlinearities and external disturbances.
Introduction
In the current decade, the parallel robot manipulators have attracted, much attention of researchers and many studies due to high positioning accuracy, rigidity, stiffness, fast response speed, and high force-toweight ratio. A Stewart platform is a 6 DOF parallel manipulator that consists of upper and lower plates connected by 6 actuators, and provides six-degree-of freedom i.e. roll, pitch, yaw, surge, sway and heave [1, 2] . Stewart platform manipulators are widely used in the entertainment, aerospace, flight simulator and machine tool applications [3] . A number of studies on the kinematics and dynamics of Stewart platform manipulators have been published [4, 5] . The mechanism of Stewart platform can be driven electrically or electro hydraulically [6, 7] . Although electrically Stewart platforms have been used extensively, the little published works exist on their full dynamics including actuation and control. However, actuation dynamics have not been considered in many of published Researches. There are two frameworks for the control scheme of the parallel robot manipulator: operational space control (or work space control) and link space control (or joint space control) [8, 9] . The first control scheme is based on the dynamics described by the operational space and needs the Cartesian coordinates of the moving platform. This information can be obtained by 6-DOF position and orientation sensors (e.g. Gyroscope sensor). However, the 6-DOF sensors may be very expensive or impossible to find at the desired accuracies. Otherwise, it needs six LVDT sensors and then, applying a forward kinematics solution which relies on the numerical method or observer design to estimate the 6 DOF information [01] . In the link space control scheme, controller is designed to conform the actual actuator lengths to the desired lengths computed from the position command of the moving platform by an inverse kinematics solution. If the six actuator lengths are appropriately controlled, the moving platform of the parallel robot manipulator can track desired trajectories [11] . Both frameworks have their advantages and disadvantages. Accurate trajectory tracking control for parallel robot manipulators is a key system requirement, But due to the complicated dynamics and uncertainties of parallel manipulators, design of current controllers are often heuristic, and based on trial and error [12, 13] . Wu et al. presented an adaptive control strategy based on  H robust algorithm to overcome the adverse effects caused by parameter variations and disturbances [14] . Kim et al. [15] introduced a robust nonlinear task space control with friction estimator for a 6 DOF parallel manipulator; also the indirect estimation method for 6 DOF system states based on the Newton-Raphson method and the alpha-beta tracker algorithm are employed in order to realize the control scheme in the task space coordinates. Nguyen et al. [16] have developed a joint-space adaptive control scheme applied to an electromechanically driven Stewart platform-based manipulator, using the Lyapunov direct method, and under the assumption that platform motion is slow compared to the controller adaptation rate. Also, Kim and Lee studied and applied a high speed tracking control of a 6-6 electric Stewart platform, using an enhanced sliding mode control approach [17] . Omorlu and Yildiz presented stiffness control by means of self-tuning fuzzy-PD control algorithm with gain scheduling on an experimental 3×3 Stewart platform mechanism actuated by linear DC motors, to using as a fly-by-wire flight control unit [18] . Since, the dynamics of the robotic systems are nonlinear, highly coupled, and time varying, the Conventional control Strategies, such as: computer torque control [19] , variable structure control [20] , and adaptive control [21] may not be applicable. Also the implementation of this schemes, requires a precise knowledge of the structure of the dynamic model. Generally, uncertainties may not be known in practical robotic systems such as changing payload, nonlinear friction, unknown disturbance, and the high-frequency part of the dynamics. Therefore, the adaptive fuzzy systems are used to cancel the nonlinear dynamics of robot manipulators, which do not need to have a linear parameterized structure as conventional adaptive control schemes [22] . In this paper, a fuzzy adaptive sliding mode controller in Cartesian space coordinates by using of the LVDT position sensors and then, solving the forward kinematics problem using an iterative artificial neural network strategy [23] has been proposed for trajectory tracking of 6 DOF parallel manipulator; while the dynamics of Stewart platform is identified online and no requiring to the prior knowledge about the dynamics of the plant and no off-line learning phase. Also, adaptive learning algorithms is applied to adjust uncertain parameters of system that relax the requirement of bounding parameter values and not depending upon any parameter initialization conditions. Then, fuzzy systems are employed to approximate the Stewart platform's unknown nonlinear functions. It is noted that adaptive laws are derived based on Lyapunov stability analysis for online updating the parameters of the model, so that closed-loop stability and finite-time convergence of tracking errors and its derivatives can be guaranteed. http://www.ispacs.com/journals/cacsa/2015/cacsa-00032/ International Scientific Publications and Consulting Services This paper is organized as follows: kinematic analysis of 6 DOF parallel manipulator is described in section 2. In Section 3, the dynamic of 6 DOF parallel manipulator along with the dynamic of electromechanical actuators is presented. Sliding mode control, and Adaptive fuzzy sliding mode (AFSM) control and regular AFSM control, are described in Sections 4, 5 and 6 respectively. In Sections 7 and 8, fuzzy approximators and adaptive updating laws are presented. Simulation results are shown in Section 9. Finally, the conclusions are drawn in Section 10.
Kinematic Analysis of Stewart Platform
The coordinate frames that represent 6-degrees of freedom (6-DOF) motion, are the inertial frame and the moving frame, attached to the lower plate and the upper plate, respectively. 
Thus, we can compute the length of i th link, i.e., computing norms of i l , from the given positions and orientations of the platform. This problem is called an inverse kinematics problem of the parallel manipulator. The forward kinematics problem is the opposite of the inverse kinematics, i.e., to obtain the positions and orientations from the given actuator lengths. The solution of forward kinematic problem can be analytically represented as the solution of a 16th or 40th order polynomial [9] . However, it does not mean that it can be solved analytically. Thus, we usually rely on numerical solutions such as the Newton-Rhapson method in order to solve the forward kinematics problem and to obtain the 6 DOF information of the upper platform. It should be noted that the workspace-control is designed based on the dynamics expressed by the workspace coordinates. Hence, we use the LVDT position sensors to measure the displacement of the legs, and then, solving the forward kinematics problem using an iterative artificial neural network strategy to obtain the 6 DOF information [23] , as shown in figure 3 . http://www.ispacs.com/journals/cacsa/2015/cacsa-00032/ International Scientific Publications and Consulting Services 
Dynamics Analysis of Stewart Ptatform
The rigid body dynamics of six-degree parallel robot manipulator can be described as a second-order nonlinear differential equation, using Lagrange method [7] which is given by: in terms of Euler-Lagrangian method, the dynamic model of 6 DOF parallel robotic manipulators can be described The electrical dynamics of the actuator can be described by the following equations. 
Since the dynamics of the platform is derived in the moving platform coordinates (Cartesian space, coordinates), Equation (3.7) can be generally expressed in Cartesian space as the follows:
By substituting the Equation (3.6) into (3.7), the terms of .14) is obtained, as the follows:
Therefore with calculating the torque vector m  from the control algorithm and using of (3.11) and (3.12), and also, with having amounts of L and R of dc motors and measuring the angular position of the motors; the values of the required voltage is obtained for each dc motors. Some pertaining properties are given below. 
can be a skew-symmetric matrix, such that:
The dynamic equation of the 6-dof parallel manipulator in (3.14) can be represented as the following MIMO nonlinear second-order systems:
Where, 
And also, we suppose that   The time derivatives of the filtered errors can be written as 
Remark 4.1. If the uncertainties of the system is larger, then the control law (4.26) produces higher amplitude of chattering. To avoid such a condition, it is necessary to keep the system uncertainties to a low value and thus an accurate model of the plant is required. Due to the fact that system functions
And minimum estimation errors as 
Where o  is a small positive constant and 6 I is 6 6  identity matrix. Substituting (6.40) into (6.39) gives
The regularized inverse (6.40) is well defined even when
, is singular, and therefore, the control law defined in (6.41), is always well defined.
Adaptive updating laws
To generate the approximations of 
is given in (6.41), and Proof. Using the control law (7.44), relation of (4.55) can be re-written as
By introducing the control terms (6.41), (7.45 ) and (7.46), we obtain
Here, we have used the fact that
From (5.66) and (5.67), Equation (7.48) can be written as 
Substituting the parameter adaptive laws (7.42) and (7.43) into (7.55) gives 0 1  V  (7.57) Using (7.45), we can write Eq. (7.56) can be bounded as follows:
With (7.58), (7.60) becomes   As seen, the path is traveled by the moving platform, and is matched well with the desired trajectory. Also, Control inputs of actuators and terminal sliding modes of 6-DOF motions, is shown in figures 6 and 7, respectively. It is observed that the control inputs are continuous and almost chattering-free. This favorable performance was obtained without the requirement of prior knowledge of Stewart platform dynamics. In Fig. 8 and Fig. 9 , the simulation results, for the existence of external force on the moving platform is given. This disturbance is a square signal with amplitude 1 kg and period 3 second. As seen the disturbance doesn't causes the error and problem in convergence of the actual path, and also, controller is able to overcome disturbances and directs the moving platform to the desired path. In Fig. 10 (I) and Fig. 10 (II) , a comparison between the performance of sliding mode control and fuzzy adaptive sliding mode control, for translational motion along the x axis has been done. As seen, the sliding mode control consumes more time to converge into the desired path ( 6 seconds), and the sliding mode ( 5 . 0 seconds), compared with the fuzzy adaptive sliding mode controller (convergence time of 8 . 2 second, in the convergence to the desired path and 05
. 0 second to reach the sliding mode); in addition, the sliding mode controller signal is non-continuous and that is along with extreme changes and chattering phenomenon; that causes erosion of device mechanical parts and will damage to manipulator actuators. On the other hand, to design the sliding mode controller, we need to know the level of uncertainty, which that is a little difficult to finding it, while the design of fuzzy-adaptive sliding mode controller doesn't almost need previous knowledge of the system dynamics. 
Conclusion
In this paper, a fuzzy adaptive sliding mode control has been proposed for trajectory tracking of 6 DOF parallel manipulator in Cartesian space coordinates, without relying on a priori knowledge about the dynamics of the system. Applied scheme consists of a well-defined adaptive fuzzy control term with its adaptive laws, and a robustifying control term to take into account the approximation errors. The fuzzy adaptive control approach avoid the controller singularity problem by using a regularized matrix inverse. And, also relax from the requirement of bounding parameter values and not depending upon any parameter initialization conditions. The applied controller guarantees not only the bounded-ness of all the signals in the closed-loop system, and ensure the convergence of the tracking errors to zero. The simulation results confirmed the effectiveness of the proposed fuzzy adaptive sliding mode control. Also, excellent tracking performance with remarkable fast convergence, and with a smooth control action was achieved without requiring off-line identification of the Stewart platform manipulator dynamics.
